The interaction of the antitumour agent doxorubicin with calf thymus DNA is investigated in an aqueous solution at a pH level of 6-7 with molar ratios of 1/10. A UV-resonance Raman spectroscopy and surface enhanced Raman spectroscopy are used to determine the doxorubicin binding sites and the structural variations of doxorubicin-DNA complexes in an aqueous solution. Doxorubicin intercalates with adenine and guanine via a hydrogen bond formation between the N7 positions of purine bases and the hydroxyl group of doxorubicin.
Introduction
Many DNA intercalators have been shown to have antitumour and antibiotic activity. [1] [2] [3] This biological property has been attributed to the formation of the intercalation complexes between the chromophore and the base pairs of DNA. 4, 5 The changes in the overall structure of the drug-DNA complexes provide a possible explanation for the differences in the clinical activity of the drugs. 6, 7 There are a few techniques available regarding molecular interaction within complicated supramolecular complexes. Raman spectroscopy has excellent fingerprinting capability. In particular, UV-resonance Raman spectroscopy has been widely used because of its selectivity which permits the observation of bands corresponding only to the vibration of the chromophore and sensitivity in monitoring the structure of nucleobases and nucleosides. [8] [9] [10] Surface enhanced Raman scattering (SERS) has been used as a powerful method which can obtain information from fluorescent chromophores. [11] [12] [13] [14] [15] In general, the observation of the SERS effect requires the presence of nanometer-scaled roughness (10-500 nm) on the metal surface. The analytical applications employed metal-coated microspheres, 16 silver thin film (by silver mirror reaction), LB (Langmuir-Blodgett) film, 17 and metal colloids 18, 19 as the SERS-active substrates. Since the silver thin film was reported to be easily obtained and it has superior surface enhancement on the Raman signal, 20 we used it for our present study. Figure 1 shows the chemical structure of doxorubicin. Doxorubicin is a cytotoxic drug which is widely used in the treatment of many malignant diseases due to its broad antitumour activity. 21, 22 The biological activity of doxorubicin seems to be due to its complexation with DNA.
Beljebbar et al. 3 reported on the characterization of doxorubicin and its complex with DNA using the Fourier transform surface enhanced Raman scattering (FT-SERS) and surface enhanced resonance Raman scattering (SERRS). According to this paper, studies have been focused on the fact that doxorubicin-DNA complex can be observed by Near Infrared (NIR) (1064 nm) and Visible (514 nm) laser excitation sources. In the case of doxorubicin in free form, it is possible to be observed by this excitation source but it is impossible to be observed by free DNA. 3, 23 There haven't been any studies that tried to UV-resonance Raman scattering (UV-RRS). It is essential to find out the interaction site of doxorubicin-DNA complex. In order to explain further about the effect of DNA when it makes doxorubicin-DNA complex, it is necessary to use UV-RRS. Because the π → π * transition of nucleic acid bases for DNA is 260 nm. Therefore in this paper, first, we will show the measurements of doxorubicin-DNA complex by UV-RRS. Second, we measure doxorubicin-DNA complex by SERS. As a result, we will report on the interaction site of DNA and doxorubicin for doxorubicin-DNA complex.
Experimental Section
Instrumentation. The SERS spectrum was obtained using a Jobin-Yvon Horiva HR800 scanning single monochromator, a CCD 3000(V) detector and Labspec 4.01 software. A Coherent Innova 90C Fred TM argon ion laser (λ = 514.5 nm) was used as the excitation source. The laser power and confocal hole size were 5 mW and 400 µm, respectively. The UV-RRS spectra of doxorubicin, and DNA-doxorubicin complex were obtained in the 200-1800 cm −1 range using the 257 nm excitation. That line was derived from Second Harmonic Generation (SHG) optics. The laser power and confocal hole size were 1 mW and 600 µm, respectively. The UV-visible absorption spectra were measured using a Shimadzu UV-360 PC instrument. Atomic Force Microscope (AFM) image was obtained using a Digital Instrument Nanoscope IIIa. Chemicals. Doxorubicin (Aldrich), calf thymus DNA (Sigma), silver nitrate (JUNSEI), D-glucose (Aldrich), sodium hydroxide (JUNSEI), and ammonium hydroxide (JUNSEI) were analytical reagents or the equivalent and were used without further purification. Triply distilled water was used in preparing the sample solutions and silver mirror substrates.
Procedure. Silver mirror substrate was prepared by the Tollen's test, which is widely used for the identification of aldehyde. 24 A glass plate of 25 mm × 10 mm × 1 mm was put in a culture dish. A 10 mL of 5%-silver ammonia solution and 5 mL of 10%-sodium hydroxide solution were mixed in the culture dish. Then, 10 mL of 5%-D-glucose was added to the mixing solution. A few minutes later, the color of the solution turned to yellow, then dark brown. In the meanwhile, silver ions were reduced and deposited onto the glass plate to form a fine silver film called a silver mirror.
After withdrawing the silver mirror from a culture dish, it was washed with distilled water. AFM was used for measuring the silver particle sizes on the silver mirrors. The silver particle sizes on the silver mirror are 150-300 nm. 
Results and Discussion
UV-visible absorption spectra of the calf thymus DNA, doxorubicin and doxorubicin-DNA complex were presented in Figure 3 . The inset of the figure exhibits the Raman spectra of doxorubicin and blank condition probed at 257 nm. From this Raman spectrum, it can be seen that doxorubicin does not exhibit a resonance enhancement for this excitation line. This phenomenon gives us an advantage for doxorubicin-DNA complex study. As for 257 nm excitation, only the DNA base vibration modes are enhanced. Therefore, the doxorubicin vibrational modes do not participate in the UV-resonance Raman spectrum of the doxorubicin-DNA complex. and guanine in particular. Due to this resonance enhancement for the DNA vibrational modes, all observed spectral changes in the complexation of doxorubicin with the calf thymus DNA can be associated with the structural changes of calf thymus DNA molecule, which is caused by the interaction with doxorubicin. The observed Raman frequencies and their assignments of calf thymus DNA and doxorubicin-DNA complex are listed in Table 1 . . Likewise, the UV-resonance Raman spectrum of deoxyguanosine 5'-phosphoric acid (dGMP) contains bands at 1489 and 1578 cm The formation of doxorubicin-DNA complex can be observed in the spectrum. The bands at 1346 and 1621 cm From the previous analysis, we can conclude that the doxorubicin interacts preferentially with adenine and guanine molecules. The bands at 1346 and 1621 cm −1 are mainly caused by the N7C5+C8N7 and δNH2-C5C6+C6N6' adenine group vibrations, respectively. 8, 27 Thus, the intensity increase of band at 1347 cm −1 and the red-shift from 1621 to 1609 cm −1 of adenine are caused mainly by the doxorubicin interaction with the N7 position of adenine, which is accessible for doxorubicin in the major groove of DNA structure. The localization of doxorubicin molecule in the major groove of DNA can influence the -NH 2 vibration of adenine molecule. This is the reason why the complex formation leads to the appearance of the 1609 cm −1 band [ Figure (4b) ].
Also, the band at 1385 cm −1 is attributed to the C6C5-C4O thymine group vibrations. The intensity decrease and the blue-shift of the thymine band from 1385 to 1389 cm −1 are caused by the deformation of the hydrogen bond between the NH 2 group of adenine and the C4O group of thymine molecule. In the case of guanine, the band at 1480 cm −1 is caused by the C8H-N9C8 and C8N7 guanine group vibrations [ Figure ( 4a)]. 8, 23 We think that the intensity increase and blue-shift of the guanine band from 1480 to 1494 cm −1 is caused by the doxorubicin interaction with the N7 position of guanine. Thus, from the UV-resonance Raman data, it is clear that doxorubicin interacts with the N7 positions of adenine and guanine and this interaction leads a partial deformation of the hydrogen bonds between adenine and thymine bases. As the N7 positions of guanine and adenine are the protonacceptor sites of adenine and guanine rings, it seems probable that doxorubicin interacts with adenine and guanine via a hydrogen bond formation between the portion of its hydroxyl group and the N7 position of purines. 8, 28, 29 The interaction site of doxorubicin and purine rings of DNA are shown in Figure 5 .
In order to determine the interaction site of doxorubicin for doxorubicin-DNA complex, we measured the SERS spectra. Figure 6 shows the SERS spectra of 1.0 × 10 Table 2 . 30, 31 The determination of orientation was based on the SERS "surface selection rule", which stated the vibrations that derived their intensities from a large value of αzz (z being the local surface normal) would become the most intense in the SERS spectrum. 32, 33 In the case of doxorubicin, it was taken into account that C=O and hydroxyl groups of doxorubicin actively interacted with the silver mirror surface. Therefore, in-plane vibrational mode for doxorubicin of ring A is more intense. It seemed that the adsorbed doxorubicin on silver mirror surface may be more inclined to a perpendicular orientation rather than to a flat one. The biological activity of doxorubicin has been attributed to the formation of a complex between the chromophore and base pairs of DNA. 30, 34 The comparison between the SERS spectrum of free doxorubicin and doxorubicin-DNA complex showed the loss of intensity together with the disappearance of some bands upon complexation. From this viewpoint, we suggested that the interaction sites of doxorubicin were C=O and hydroxyl group. In Figure 7 , the SERS spectra of 1.0 × 10 Figure 6 and Figure  7 , we can be thought the intercalation model between doxorubicin and calf thymus DNA.
Therefore, we concluded that the loss of intensity of these bands confirmed the intercalation of A, B and C rings of doxorubicin in the double helix, thus preventing any contact with the silver mirror surfaces. Referring to the previous UV-RRS and SERS studies on doxorubicin-DNA complex, we suggested the plausible structure of doxorubicin-DNA complex as shown in Figure 8 .
Conclusions
The antitumour agent, doxorubicin, does not have an appreciable absorbance in the UV range. Therefore, the UVresonance Raman spectroscopy with a 257 nm excitation wavelength was used to determine the doxorubicin-DNA binding site. A Surface Enhanced Raman Scattering (SERS) spectroscopy was used to determine the interaction site of doxorubicin for doxorubicin-DNA complex. The observed spectral changes, as a result of the complex formation, lead us to the following conclusions: the interaction of doxorubicin with calf thymus DNA in an aqueous solution was realized by the drug binding to adenine and guanine. Doxorubicin interacted with the N7 position of adenine and guanine via a hydrogen bond formation between the N7 position of purine bases and the hydroxyl group of doxorubicin.
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